Fatty acids are the precursors for the production of fuels, oleochemicals and special health care products. In this study, a novel rapid method for fatty acid (FA) preparation by the enzymatic hydrolysis of Phoenix tree seed, an undeveloped woody oil seed, was developed. High-temperature GC with flame ionization detector (FID) and the hydrolysis ratio were used to monitor reaction progress. Enzyme screening and the effect of reaction variables on the hydrolysis of seeds were evaluated and optimized by response surface methodology. The results showed that among the tested enzymes, Lipozyme TLIM showed the greatest amount of hydrolysis of Phoenix tree seed. FAs can be rapidly prepared by one-step hydrolysis of Phoenix tree seeds using Lipozyme TLIM as the biocatalyst. Under the optimized conditions (6% enzyme load, 1:8 mass ratio of seed to water, 47.7 °C and 16 min), the maximum hydrolysis ratio (96.4 ± 1.1%) can be achieved. The effect of reaction variables on the hydrolysis decreased in the following order: reaction time > enzyme load > substrate ratio of seed to water > reaction temperature. This work provides a novel and rapid method for FA preparation from oil seeds.
Introduction
The Phoenix tree is a tall deciduous tree that has been used as an ornamental plant for roadsides and courtyards in China, Europe and USA (Woo et al. 2016; Xie et al. 2014; Upson and Cullen 2012; Tang et al. 2010) . The seed of the Phoenix tree has been used as a traditional Chinese herb for promoting digestion and treating stomachaches (Woo et al. 2016 ). In our previous work (Sun and Li 2016) , some active ingredients of Phoenix tree seeds, such as oil, protein, moisture, ash and fiber, were found, accounting for 27. 8, 19.7, 7.5, 4 .4 and 31.2% (w/w) of the seed, respectively. It is a new undeveloped woody oil seed that contains 10 types of fatty acids. The major fatty acids (FAs) were sterculic acid (S, 23.22 ± 1.57%), oleic acid (O, 22.23 ± 1.85%) and linoleic acid (L, 30.16 ± 1.92%) (Sun and Li 2016) . These FAs are valuable molecules that can be used as precursors for the production of fuels, oleochemicals and special health care products (Khoo et al. 1991; Lennen et al. 2010; Liu et al. 2010; Nickolau et al. 2008) . Therefore, it is interesting to prepare FAs from Phoenix tree seeds.
Traditionally, FAs can be prepared by the hydrolysis of oil and fats using chemical catalysts (acid or base) or biocatalysts (Murty et al. 2002; Satyarthi et al. 2011; Le; Mi et al. 2017) . Compared with chemical catalysts, biocatalysts have shown many advantages for FA preparation, especially for some polyunsaturated fatty acids, such as EPA and DHA (Chen et al. 2014; Chakraborty et al. 2010; Singh et al. 2016) , which were attributed to mild reaction conditions (Goswami et al. 2011; Hasan et al. 2006; Leng et al. 2008; Mendes et al. 2012; Rungruangsaphakun and Keawsompong 2018; Santos et al. 2013 ). However, these traditional procedures required more time and a large amount of solvent to extract oil from the seeds; thus later, FAs were prepared by the hydrolysis of the extracted oil. As far as we know, there is no available 1 3 403 Page 2 of 8 information about FA preparation directly from seeds as substrate for enzymatic hydrolysis.
This work aimed to develop a novel and rapid method for FA preparation by the enzymatic hydrolysis of Phoenix tree seeds (Fig. 1) . Enzyme screening and the effect of reaction variables on the hydrolysis of seeds were investigated and response surface methodology (RSM) was used to optimize the enzymatic hydrolysis.
Materials and methods

Materials
Phoenix tree seeds were provided by Jiangsu Xintai Nursery Filed (Jiangsu, China). Lipozyme TLIM (250 IU/g) was obtained from Novozymes A/S (Bagsvaerd, Denmark). Alkaline protease (35,000 U/g), acid protease (100,000 U/g) and cellulase (38,000 U/g) were all purchased from DENYKEM Biological Technology Co., Ltd. (Shanghai, China). Ethanol (95%, v/v) and Alkali Blue 6B were purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). All other chemicals used were analytical grade.
Pretreatment of Phoenix tree seeds
Phoenix tree seeds were first milled and passed through a 40-mesh sieve. The seed powder had an average particle size of 0.45 nm and was dried at 105 °C for 4 h and used for the next reactions.
Enzyme screening
Enzymatic hydrolysis reactions of Phoenix tree seed powder using different enzymes were performed in 250-mL threenecked flasks. Phoenix tree seed powder (10 g) and water (100 g) were mixed by a magnetic stirrer (200 rpm) at 45 °C. Next, 5.5 g of enzyme was added to the reaction mixture, and the reaction was initiated. After 10 min, the reaction was complete. The product was first centrifuged, and then, the supernatant was transferred into the oven under vacuum to dry at 70 °C for 4 h. The dried supernatant was then transferred into 250-mL conical flask for extraction using hexane, and the product was used for further analysis.
Effect of reaction variables
The enzymatic hydrolysis reactions were performed in 250-mL three-necked flasks. Phoenix tree seed powder was first mixed with water according to different mass ratios using a magnetic stirrer (200 rpm) at different temperatures (30-55 °C). The reaction was initiated when enzyme was added into the reaction mixture. The samples (2 mL) were withdrawn at specified time intervals. The samples were treated using the same method of enzyme screening for further analysis.
Analysis methods
High temperature GC (Agilent 7890B), equipped with a DB-1H capillary column (30 m × 0.25 mm, 0.1 µm of film thickness) and flame ionization detector, was used to evaluate the hydrolysis process. The detector and injector temperatures were set at 350 and 400 °C, respectively. The column initial temperature was set at 100 °C and then increased to 360 °C at 20 °C/min. Helium was used as the carrier gas at 1 mL/min. The injection volume was 1 µL.
Evaluation of the hydrolysis ratio
Acid values were analyzed according to the AOCS Official Method Cd 3d-63. The hydrolysis ratio (%) was calculated from the following equation:
where AV 0 is the initial acid value of the Phoenix tree seed and AV t is the acid value of the Phoenix tree seed at time t. SV is the saponification value of the Phoenix tree seed oil.
FA yield (%) was the mass ratio of FAs in the product to the theoretical value in the seeds. 
Experimental design for RSM
Statistical analysis
A Box-Behnken design (Design-Expert 8.0) for four independent variables was used to obtain the combination of values that optimized the responses within the region of the three dimensional observation space, which allows for designing a minimum number of experimental runs. The model evaluates the effects of each independent variable on responses. 3 k factorial tests allow efficient estimation of a second-order polynomial regression. The mathematical relationship relating the variables to the response can be calculated by the quadratic polynomial equation as follows:
where Y is the hydrolysis rate of Phoenix tree seed; X 1 , X 2 , X 3 and X 4 represent the reaction temperature, enzyme load, reaction time and substrate ratio of seed to water. β 0 , β i , β ii and β ij are the constant coefficients.
All experiments were carried out in triplicate. The results were expressed as the average ± standard error (SE). Statistical analysis was performed using Statistical Product and Service Solution (SPSS) software version 19.0. The differences in mean value were evaluated by an analysis of variance
(two-way ANOVA) method. Significance was determined at a 95% level of probability. Different letters (a, b, c and d) indicated that there are significant differences among these data. The same letters suggest that there is no significant difference in the data.
Results and discussion
Enzyme screening
Lipozyme TLIM, alkaline protease, acidic protease and cellulase were used as catalysts for the hydrolysis of Phoenix tree seeds. The order of hydrolysis activities, from greatest to least, was as follows: Lipozyme TLIM > acidic protease > Cellulase > alkaline protease (Fig. 2) . Lipozyme TLIM showed the highest performance for hydrolysis. This can be explained by the fact that Lipozyme TLIM is the hydrolytic enzyme for lipids and shows increased hydrolysis activity compared to other enzymes.
Effect of hydrolysis variables
In the first 5 min, the hydrolysis rate of the Phoenix tree seed rapidly increased to 87% and the maximum hydrolysis rate (~ 95%) was obtained at 10 min (Fig. 3) . The time (10 min) is shorter than that of the lipase-catalyzed hydrolysis of linseed oil (3.33 h) (Chen et al. 2014 ) and unrefined jatropha oil (8 h) (Zhou et al. 2015) , which was due to the presence of the emulsification effect of protein in the seed.
Different amounts of Lipozyme TLIM from 0.5% (relative to the weight of the Phoenix tree seed) to 7% were used for the hydrolysis of Phoenix tree seed (Fig. 4) . The results showed that the hydrolysis rate of Phoenix tree seed rapidly increased with the increase in the enzyme load from 0.1 to 5% and the maximum hydrolysis rate (~ 95%) was obtained with a 5% enzyme load. However, the enzyme load had a minor effect on FA yields. These results can be explained by the fact that at a higher enzyme load (> 5%), enzyme aggregation was found, resulting in decreased enzymatic efficiency.
The hydrolysis rate increased with the decrease in the substrate ratio from 1:2 to 1:10 (w/w). After reaching equilibrium, the hydrolysis rate of Phoenix tree seed increased to the maximum (~ 95%) (Fig. 5) . However, the substrate ratio had no obvious effect on FA yield. These results showed that an appropriate amount of water is necessary for the hydrolysis of Phoenix tree seed.
The hydrolysis rate of Phoenix tree seed increased with an increase in reaction temperature from 30 to 45 °C. The maximum hydrolysis rate (~ 98%) was achieved at 45 °C (Fig. 6 ). After that, the hydrolysis ratio decreased, which Effect of reaction temperature on the hydrolysis of Phoenix tree seeds with 5% enzyme load and 1:10 (w/w) mass ratio of seed to water for 10 min. Significance was represented as different letters (a, b, c and d) was due to the deactivation of Lipozyme TLIM at a higher temperature (> 45 °C). Thus, 45 °C was optimal for the hydrolysis of Phoenix tree seed.
Response surface analysis and model fitting
RSM is an empirical modeling technique used to evaluate the relationship between a set of controllable experimental factors and observed results (Shet et al. 2018; Sonawane and Arya 2017) . The experimental values obtained from the model are shown in Table 1 . The regression data used a quadratic polynomial equation to calculate the relationship between the hydrolysis ratio of Phoenix tree seed with reaction variables (Table 2) . A low P value (P < 0.0001) and high coefficient (R 2 = 0.9496) can be obtained from the variance (ANOVA) analysis (Table 2) . These results showed that the model and the Eq. (3) were both validated to explain the relationship between reaction variables with the hydrolysis ratio of Phoenix tree seed. The order of hydrolysis variables influencing the hydrolysis ratio of Phoenix tree seed was as follows: reaction time > enzyme load > substrate ratio of seed to water > reaction temperature. The regression equation explaining the hydrolysis ratio of Phoenix tree seed was given as follows:
Y(%) = 97.38 − 11.72X 1 + 29.66X 2 + 16.14X 3 + 4.42X 4 − 13.74X 1 X 2 + 3.62X 1 X 3 − 1.30X 1 X 4 + 6.43X 2 X 3 − 3.24X 2 X 4 − 0.56X 3 X 4 − 13.97X The interactions among reaction variables were evaluated by 3D surface plots (Fig. 7a-c) . The synergistic interaction of reaction temperature and enzyme load showed that the highest hydrolysis ratio (96%) of Phoenix tree seed could be obtained at the enzyme load (5-7%) and moderate temperature (40-45 °C) (Fig. 7a) . The interaction between the temperature and the reaction time had a positive effect on the hydrolysis ratio (Fig. 7b) . Compared with the substrate ratio of seed to water, the effect of the enzyme load on the hydrolysis ratio of the Phoenix tree seed was more significant. The maximum hydrolysis ratio of the Phoenix tree seed can be obtained at an enzyme load of 5-7% and a substrate ratio of seed to water at 1:6-1:10 (Fig. 7c) .
In addition to studying the effects of the variables on the responses, the 3D surface plots indicate several optimal combinations of the variables that produced a high hydrolysis ratio. These data provide options when practical aspects are considered in real commercialization of the process. According to optimization by the 3D surface plots, the highest hydrolysis ratio (96.4 ± 1.1%) of Phoenix tree seed can be achieved under the optimized conditions: 47 °C, 16 min, 6% enzyme load, and a 1:8 mass ratio of seed to water. A good agreement between the observed hydrolysis ratio (96.4 ± 1.1%) and the predicted hydrolysis ratio (97.2%) supports the validation of the model.
Conclusion
In this study, FAs were rapidly prepared by Lipozyme TLIM to catalyze the hydrolysis of Phoenix tree seeds and RSM was used to optimize the hydrolysis reaction. A quadratic regression model between reaction variables (reaction time, substrate ratio, enzyme load and reaction temperature) and the hydrolysis ratio of Phoenix tree seeds was developed. The maximum hydrolysis ratio (96.4 ± 1.1%) of Phoenix tree seeds was obtained under the optimized conditions (47.7 °C, 16 min, 6% enzyme load and a 1:8 mass ratio of seed to water). The effects of reaction variables on the FA yield of the Phoenix tree seed were ordered as follows: reaction time > enzyme load > substrate ratio of seed to water > reaction temperature. Fig. 7 3D surface plots between two variables for the hydrolysis of Phoenix tree seed: a reaction temperature and enzyme load combined with 1:10 (w/w) substrate ratio for 10 min; b reaction temperature and time combined with 1:10 (w/w) substrate ratio and 5% enzyme load and c substrate ratio and enzyme load at 45 °C for 10 min
